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Mesenchymal condensation is critical for organo-
genesis, yet little is known about how this process
is controlled. Here we show that Fgf8 and Sema3f,
produced by early dental epithelium, respectively,
attract and repulse mesenchymal cells, which cause
them to pack tightly together during mouse tooth
development. Resulting mechanical compaction-
induced changes in cell shape induce odontogenic
transcription factors (Pax9, Msx1) and a chemical
cue (BMP4), andmechanical compression of mesen-
chyme is sufficient to induce tooth-specific cell fate
switching. The inductive effects of cell compaction
are mediated by suppression of the mechanical
signaling molecule RhoA, and its overexpression
prevents odontogenic induction. Thus, the mesen-
chymal condensation that drives tooth formation is
induced by antagonistic epithelial morphogens that
manifest their pattern-generating actions mechani-
cally via changes in mesenchymal cell shape and
altered mechanotransduction.
INTRODUCTION
Mesenchymal condensation, which is critical for the formation of
many organs including tooth, cartilage, bone, muscle, tendon,
kidney, and lung, occurs when previously dispersed mesen-
chymal cells gather together to differentiate into a single tissue
type. It represents the earliest stage during organ formation
when tissue-specific genes are activated, and development of
this organogenetic capability played a key role in vertebrate
evolution (Hall and Miyake, 1992; Smith and Hall, 1990). Various
molecules and cellular mechanisms have been suggested to
contribute to control of mesenchymal condensation, including
changes in cell proliferation (Hall and Miyake, 2000), local depo-
sition of extracellular matrix (ECM) components such as fibro-758 Developmental Cell 21, 758–769, October 18, 2011 ª2011 Elsevnectin (FN) and hyaluronate (Frenz et al., 1989; Knudson and
Toole, 1985; Kulyk et al., 1989), centripetal haptotaxis driven
by spatiotemporal patterns of ECM production (Downie and
Newman, 1995; Newman and Tomasek, 1996), alterations of
cell-cell or cell-ECM interactions that prevent cell movement
away from a center (Frenz et al., 1989; Oberlender and Tuan,
1994), and inductive patterns of diffusible morphogens such as
Fgfs, TGF-b, and BMPs (Newman et al., 2008; Urban et al.,
2006; Christley et al., 2007). However, the precise mechanism
by which mesenchymal condensation is controlled at the level
of tissue organization, as well as how this cell compaction pro-
cess controls cell fate switching that drives subsequent organ
development, still remains unknown.
In the condensed mesenchyme, cells change their shape and
size dynamically, and this is accompanied by changes in cell
fate that drive subsequent organ formation. The size and shape
of the condensed cell mass also dictate the final three-dimen-
sional (3D) form of the organ, and abnormal condensation can
result in developmental defects (Hall andMiyake, 1992; Newman
and Tomasek, 1996). Mechanical stimuli can modulate cell
lineage commitment and control development of various tissues
during embryogenesis (Carter and Wong, 1988; Farge, 2003;
Mammoto and Ingber, 2010), and studies with cultured cells
suggest that cell fate can be controlled mechanically by altering
cell shape (Chen et al., 1997;McBeath et al., 2004). These obser-
vations raise the possibility that physical alterations in cells that
result from cell compaction in the condensed mesenchyme also
could play an active role in this differentiation process (Oster
et al., 1983).
One reason that little is known about the mechanism by which
epithelial and mesenchymal cells interact to initiate and control
the mesenchymal compaction process, or how this process is
linked to cell fate determination, is because of the lack of model
systems to explore these mechanisms under controlled condi-
tions in vitro. Here we studied one of the simplest models of
whole-organ formation—the embryonic tooth—to explore how
mesenchymal condensation is controlled, and to determine
whether physical forces contribute to the cell fate switching
that drives organogenesis both in vivo and in vitro. Embryonic
tooth has been previously used as an experimental system toier Inc.
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Pax9, and Runx2) and morphogens (e.g., Fgfs, BMPs, Wnt,
Hh, TGF-b, and activin) that are regulated in spatiotemporal
manner by reciprocal epithelial-mesenchymal interactions,
and that are critical for tooth organ formation during embryo-
logical development (Thesleff, 2003). Our results reveal that
mesenchymal condensation in the tooth is driven by opposing
stimulatory and repulsive migratory factors, and that compres-
sion-dependent changes in cell shape that occur secondary to
physical compaction of cells within the tightly condensed
mesenchyme are responsible for inducing expression of
transcription factor genes that drive tooth organ formation.
RESULTS
Early Dental Epithelium Induces Mesenchymal
Condensation and Pax9 Expression
In the mouse embryo, formation of the lower molar tooth is
mediated by local thickening of the dental epithelium (DE) that
causes placode formation at embryonic day (E) E10–E11.
Budding of the DE into the underlying mesenchyme occurs at
E12, and this is accompanied by a mesenchymal condensation
as the connective tissue cells that are initially widely distributed
compact together to form a dense cell mass directly beneath
the invaginating DE by day E12–E13 (Figure 1A). Computerized
image analysis confirmed that this condensed region at E13
spanned 83 ± 3 mm from the epithelial-mesenchymal interface,
and that mesenchymal cell packing densities in this condensed
zone were more than twice than those observed in regions
distant (>83 mm) from the interface after E13, whereas there
was no significant difference in cell densities between these re-
gions at earlier times (E10–E11) (Figure 1B). Importantly, when
tissues were labeled with bromodeoxyuridine (BrdU), dividing
cells were found to be distributed diffusely throughout the
mesenchyme as previously shown by others (Shigemura et al.,
1999), and there was no significant difference in cell growth rates
between these adjacent and distant regions at the stage of
E10–E13 (Figure 1C). Hence, local variations in cell proliferation
do not appear to drive mesenchymal condensation at these
stages in the tooth.
To explore howmesenchymal condensation is induced during
tooth development, we developed an in vitro model that recapit-
ulates this condensation response. We isolated DE from E10 to
E11 placode regions or E13 mandibles from mouse tooth germs
and overlaid the DEs on top of monolayers of cultured dental
mesenchymal (DM) cells that we had previously isolated from
E10 mouse tooth germs. The DEs formed spherical tissue
masses that adhered to the underlying mesenchymal cell mono-
layer and remained viable for days. Interestingly, coculture of
early DE (E11) with DM for 2 days under these conditions
induced the underlying mesenchymal cells to condense around
it (Figure 1D, left) with cell packing densities in this dense zone
increasing by more than 2-fold compared with more distant
regions (Figure 1D, right). The condensed region was located
within 81 ± 2 mm of the epithelial-mesenchymal interface as
defined by linear deposition of type IV collagen-containing base-
ment membrane (BM) (see Figure S1A available online), thus
closely mimicking the mesenchymal condensation response
that this DE produces over a similar 2 day time course (E11–DevelopmE13) in vivo (Figure 1A). Moreover, DE isolated at E13 failed
to stimulate mesenchymal condensation in this in vitro model
(Figure 1D), which is again consistent with past work that
showed E13 DE loses its inductive ability for producing odonto-
genesis in vivo (Mina and Kollar, 1987).
One mechanistic model for mesenchymal condensation in
limb bud suggests that cell compaction results from ECM-driven
translocation and directional migration of cells from the sur-
rounding loose mesenchyme to the condensed region (Newman
and Tomasek, 1996). We therefore used time-lapse microscopy
to analyze the contribution of cell movement to this in vitro
mesenchymal condensation process using cultured DM cells
labeled with green fluorescent protein (GFP). These studies re-
vealed that the overlying E11 DE attracted some cells to migrate
from distant regions of the dish to the epithelial-mesenchymal
interface; however, it also actively repulsed mesenchymal cells
in the underlying monolayer causing them to move peripherally,
thereby clearing the region of the substrate directly beneath the
DE cell mass (Figure 1E; Figure S1B; Movie S1). These opposing
migratory movements resulted in amajor increase in cell packing
density at the edge of the cleared zone (Figure S1B). Quantifica-
tion of the movements of individual cells confirmed that E10 and
E11 DE attracted surrounding mesenchymal cells to a much
greater degree than E13 DE, whereas E11 and E13 DE exhibited
the greatest repulsing activities, and thus, the net cell clearing
activity progressively increased over time (Figure 1F). DM cells
without DE moved randomly at a slower velocity (2.5 ± 1 mm/hr)
(Figure S1C andMovie S2) compared to DM cells combined with
E11 DE that moved faster (8 ± 2 mm/hr for attraction and 7 ±
3 mm/hr for repulsion) and in a more oriented manner (Figure 1E;
Movie S1). Again, we did not detect any significant local change
in mesenchymal cell growth in these same regions during
mesenchymal condensation in vitro (data not shown), just as
we observed in vivo (Figure 1C). Thus, these data suggest that
E11 DE induces mesenchymal condensation by simultaneously
attracting and repulsing mesenchymal cells, which causes
a condensed cell mass to form in a dense border along the
epithelial periphery (Figure S1B).
Next we explored whether mesenchymal condensation
induced via these mechanisms of antagonistic migratory move-
ments contributes to cell fate switching during tooth differentia-
tion. We began by isolating DM and DE from E10 to E13
embryos, and performing transcriptional profiling of these
tissues for multiple transcription factors that have been shown
to be intimately involved in tooth development (Thesleff, 2003).
These studies revealed that five critical odontogenic-related
genes—Egr1, Lhx6, Lhx8, Msx1, and Pax9—are upregulated in
E13 DM in vivo when mesenchymal condensation reaches
maximal levels (Figures S1D and S1E). Among these markers,
Pax9 has been shown to be critical for formation of tooth as
well as other organs (Peters et al., 1998), and it is specifically en-
riched in the region of the condensed mesenchyme in the tooth
germ at E13 (data not shown). Based on its preferential expres-
sion in condensed mesenchyme in vivo, Pax9 expression was
used as an initial marker for odontogenic induction in our
in vitro condensation model. These studies revealed that DE iso-
lated at E11 (when it is most effective at inducing mesenchymal
condensation in vivo) also induced the highest levels of Pax9
protein and mRNA expression in condensed mesenchymal cellsental Cell 21, 758–769, October 18, 2011 ª2011 Elsevier Inc. 759
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Figure 1. Induction of Pax9 Expression and
Tooth Formation by Early DE In Vitro and
In Vivo
(A) Hematoxylin and eosin stained (H&E) histo-
logical sections showing development of the lower
molar tooth in the mouse embryo. Tips of black
arrows abut on the lower edge of the condensed
mesenchyme.
(B) Graph shows mesenchymal cell densities
measured in regions adjacent to (<83 mm) or
distant from (>83 mm) the epithelial-mesenchymal
interface (dashed lines).
(C) Graph showing the percentage of BrdU-posi-
tive mesenchymal cells measured in regions
adjacent to (<83 mm) or distant from (>83 mm) the
epithelial-mesenchymal interface at each stage.
(D) H&E cell cultures containing a retracted ball of
intact DE isolated from E10, 11, or 13 embryos
(dashed lines) overlaid atop a monolayer of cells
isolated from the DM of E10 embryos (black
arrows indicate regions of mesenchymal con-
densation). Graph at right shows mesenchymal
cell densities measured in the regions adjacent to
(<81 mm) or distant from (>81 mm) the epithelial-
mesenchymal interface in vitro.
(E) Fluorescence micrographs showing images of
GFP-labeled mesenchymal cells overlaid with E11
DE and cultured for 0, 12, 15, or 18 hr. Note that
the E11 DE (which is not visible in this view)
repulsed underlying mesenchymal cells and
caused them to move peripherally (migration
paths of representative mesenchymal cells are
indicated by white circles and dashed lines), while
it simultaneously attracted other cells (indicated
by blue circles and dashed lines) that moved
closer to the epithelial-mesenchymal interface
(light-gray dashed lines) fromdistant regions of the
mesenchymal cell monolayer (see Figure S1B and
Movie S1).
(F) Graph shows results of quantifying total
migration distances of mesenchymal cells that
were attracted or repulsed in experiments using
overlays containing DE isolated from E10, 11, or
13 embryos.
(G) Fluorescence microscopic (top) and ISH
(bottom) views showing the cell compaction and
Pax9 mRNA localization, respectively, in the
mesenchymal condensation induced when con-
fluent GFP-mesenchymal cell monolayers are
overlaid with DE isolated from E10, 11, or 13
embryos and cultured for 2 days in vitro (dashed
lines indicate epithelial-mesenchymal interface)
(see also Figures S1F–S1H). Scale bars represent
50 mm; *p < 0.01.
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in vitro model recapitulates the full developmental cascade
from mesenchymal condensation through the cell fate switching
that triggers odontogenic induction in vivo.
Mesenchymal Condensation Is Induced by Fgf8
and Sema3f
We carried out transcriptional profiling of various morphogen
classes and subtypes (e.g., Fgfs, Bmps, Shh, Wnts, CXCLs) ex-
pressed in DE isolated at different stages of development to760 Developmental Cell 21, 758–769, October 18, 2011 ª2011 Elsevidentify cues specifically produced by E11 DE that might be
responsible for the opposing motility to drive mesenchymal con-
densation and Pax9 induction in vitro. Five morphogens (Bmp4,
CXCL12, Fgf8, Shh, Wnt5a) were expressed at higher levels in
E10 and E11 DE relative to E13 DE (Figure S2A). When in vitro
migration assays were carried out with these five factors, only
Fgf8, which is known to both play a critical role during formation
of many embryonic organs, including tooth and induce Pax9
(Neubu¨ser et al., 1997), was able to attract mesenchymal cells
(Figure S2B). We also confirmed that Fgf8 was expressed atier Inc.
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Figure 2. Fgf8 and Sema3f Act as Opposing Short- and Long-Range
Morphogens that Respectively Stimulate and RepulseMesenchymal
Cell Migration
(A) Fluorescence micrographs (top) showing the localization of Fgf8 (left) and
Sema3f (right) proteins in mesenchyme at E11 (left) and E13 (right) (see also
Figure S2). Graphs (bottom) show the ratios of GFP intensities for Fgf8 (red
circle) and Sema3f (blue square)measured in themesenchyme at the indicated
distances from BM, and in the DE adjacent to the BM (distance 0).
(B) The effects of different concentrations of Fgf8 (500, 250, 100, 50, 25, and
0 ng/ml) on mesenchymal cell migration for 16 hr quantified using a Transwell
migration assay.
(C)Amicrofluidicdevice fabricated inPDMS (left) containingmicrofluidicmixers
that was used to create gradients of soluble molecules within a single flow
channel, as visualized here by infusing FITC-dextran (Mr 70,000) (right). Graphs
show thegradients of Fgf8 (top), Sema3f (middle), or Fgf8/Sema3f (bottom) that
were applied to the cells in the device. Overlapping gradients of Fgf8 and
Sema3f (bottom)weregeneratedbyaddinganadditional inlet channel to the left
side of the last branching point of the original microfluidic gradient generator.
(D) The mesenchymal cells were plated in the microfluidic device and exposed
to the gradients of Fgf8 and/or Sema3f with high concentrations at the left and
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Developmhigher levels in E10 and E11 DE, whereas its mRNA levels were
suppressed in E13DEwhen embryonic tooth germwas analyzed
using quantitative RT-PCR (qRT-PCR) and in situ hybridization
(ISH) (Figures S2C and S2D). In contrast, immunohistochemical
analysis revealed that Fgf8 protein was present in tissues at E13,
and it appears to be stored within the BM where it colocalized
with its binding partner, heparan sulfate proteoglycan (HSP)
(Figure S2E). Because Fgfs can be stored in BM and released
at later times (Folkman et al., 1988), these findings suggest
that the BM could serve as an Fgf8 storage site for sustained
release of this morphogen even after the DE ceases its produc-
tion at later stages of development. Indeed, our finding that E13
DE cannot induce mesenchymal condensation in our in vitro
model after the BM is removed with Dispase enzyme supports
this concept that Fgf8 stored within the BM is functionally critical
for the mesenchymal condensation (Figure S2F).
We also performed transcriptional profiling to identify repul-
sive molecules that are more highly expressed in E11 and E13
DE compared to E10, which could be responsible for the cell
clearing activity we observed at these times. Two semaphorin
molecules that have been shown to act as repulsive molecules
and guide pattern formation during nerve and vascular develop-
ment (Carmeliet and Tessier-Lavigne, 2005)—Sema3f and
semaphorin-6a (Sema6a)—were preferentially upregulated in
E11 and E13 DE (Figure S2G). Given that a continuous BM
separates the DE and DM in vitro and in vivo during tooth
development, we focused on Sema3f because it acts in a soluble
form, whereas Sema6a is a transmembrane protein that is crit-
ical for direct cell contact-mediated repulsion (Toyofuku et al.,
2008). Sema3f was upregulated in E11 and E13 DE, and its
counter-receptor, neuropilin 2 (Nrp2), was also expressed at
high levels in DM at these same times (Figures S2H and S2I).
Importantly, non-DE isolated from the back region of an E11
embryo (dorsal paravertebral ectoderm), which has significantly
less expression of Fgf8 and similar expression of Sema3f
compared with E11 DE, can repulse DM cells, but it does not
attract DM cells, and thus, it fails to induce effective mesen-
chymal condensation in our model system (Figure S3A). Thus,
both Fgf8 and Sema3f seem to be required for this DM cell
compaction response in tooth.
We then used microfluorimetry to quantitate the distribution of
Fgf8 and Sema3f at different stages of tooth development. These
studies confirmed that Fgf8 is distributed in a shallow gradient
with highest intensity being observed in the epithelial BM and
progressively lower staining levels as one moves out over longer
distances from theBMand through themesenchyme (Figure 2A).
These results raise the possibility that this Fgf8 gradient could
drive mesenchymal cell migration toward the epithelial-mesen-
chymal interface. Indeed, cultured mesenchymal cells were
able to migrate up a similar shallow gradient of Fgf8 generated
in vitro in a Transwell migration assay (Figure 2B).low at the right, that was generated in the device by laminar flow. The upper
phase contrast micrograph shows the localization of cells at time zero
and 40 hr after exposure to the gradients of Fgf8 (top), Sema3f (middle), and
Fgf8/Sema3f (bottom); dashed circle indicates region of cell compaction.
(E) Graph showing the cell densities in the corresponding areas from (D) at
0 (top) or 40 hr (bottom) in each treatment. Scale bars represent 20 mm for (A),
100 mm for (C), and 50 mm for (D); *p < 0.01.
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Figure 3. Early DE Uses Fgf8 and Sema3f
to Induce Mesenchymal Condensation and
Pax9 Expression
(A) Fluorescence (top) micrographs showing
cultures containing labeled HEK293 cell pellets
that were being transfected with control (Con),
Fgf8, Sema3f, or both Fgf8 and Sema3f cDNAs,
and overlaid on top of a GFP-labeled mesen-
chymal cell monolayer for 2 days (magenta,
labeled HEK293 cell pellets; dashed line indicates
pellet-mesenchymal cell interface). Note that only
cells expressing both Fgf8 and Sema3f caused
mesenchymal condensation around the pellet
(white arrow) (see also Figure S3B).
(B) Light micrographs of H&E tissue sections (top)
and Pax9 ISH images (bottom) showing tooth
germs in E13 embryos treated with control (Con),
Fgf8, or Sema3f siRNA in utero, or similar stage
tooth germs from Nrp2 knockout (Nrp2/) mice
(see also Figures S3C–S3E). Dashed lines indicate
the epithelial-mesenchymal interface, and tip of
black arrow abuts on the lower edge of the con-
densedmesenchyme.Scale bars represent 50mm.
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presence of a much steeper gradient of Sema3f protein in vivo
(Figure 2A), with Sema3f being highly concentrated near the
BM. This high local concentration of Sema3f would be expected
to act locally to repulse migratory mesenchymal cells attracted
by Fgf8 so that the cells pile up at the epithelial boundary if
Sema3f influences mesenchymal cell migration in a similar inhib-
itory manner as it does endothelial cells and nerve cells (Carme-
liet and Tessier-Lavigne, 2005). To test this directly, we exposed
cultured mesenchymal cells to gradients of Sema3f and/or Fgf8
generated and sustained for 40 hr in a microfluidic system (Fig-
ure 2C). As predicted, the cells migrated toward the region of
the higher Fgf8 concentration or lower Sema3f concentration
(Figures 2C–2E). Moreover, when we exposed cells to overlap-
ping gradients of Sema3f (shorter-range) and Fgf8 (longer-range)
simultaneously by adding an additional inlet channel to the left
side of the last branching point of the microfluidic gradient
generator (Dertinger et al., 2001) (Figure 2C), cell compaction
was observed between the two gradients (Figures 2D and 2E).
These results confirm that a combination of Fgf8 and Sema3f
is sufficient to drive mesenchymal cell compaction, whereas
either molecule alone cannot drive the entire condensation
response.
To further test this hypothesis, we transfected Fgf8, Sema3f,
or both into HEK293 cells (Bielenberg et al., 2004) that were
labeled with tracking dye, and then we overlaid these cell pellets
on confluent monolayers of cultured GFP-labeled E10 mesen-
chymal cells. Overexpression of Fgf8 induced a low level of
mesenchymal cell aggregation around individual HEK293 pro-
ducer cells, whereas transfection of Sema3f caused the mesen-
chymal cells to disperse without producing mesenchymal
condensation (Figure 3A). Efficient mesenchymal condensation762 Developmental Cell 21, 758–769, October 18, 2011 ª2011 Elsevier Inc.of a similar size and density to that in-
duced by an E11 DE overlay only was
observed when both of the antagonistic
morphogens (Fgf8 and Sema3f) wereoverexpressed simultaneously in the same cells (Figure 3A and
Figure S3B). Thus, these data are consistent with a model in
which simultaneous exposure of the mesenchymal cells to a
gradient of Fgf8 that attracts the migratory cells from long dis-
tances, and a steep gradient of Sema3f that repulses these
same cells, collectively induce what we call the ‘‘mesenchymal
condensation’’ response.
To determine the physiological relevance of these findings
in vivo, we then knocked down Fgf8 or Sema3f in living embryos
in utero by delivering siRNAs transplacentally (Gratsch et al.,
2003; O’shea et al., 2006) (Figure S3C). Suppressing expression
of either Fgf8 or Sema3f inhibited mesenchymal condensation
andPax9 induction at E13 in the first pharyngeal arch, and knock-
down of Sema3f also prevented DE budding at E13 in vivo (Fig-
ure 3B and Figure S3D). Nrp2 knockout (Nrp2/) embryos that
lack this Sema3f receptor also failed to induce mesenchymal
condensation, Pax9 expression, or DE budding at E13 when
compared to wild-type embryos (Figure 3B and Figure S3E).
Importantly, mesenchymal condensation and Pax9 induction
were also inhibitedwhenDE isolated at E11 fromSema3f-knock-
down embryos was overlaid on DM cell monolayers in vitro, and
DE from Sema3f knockdown embryos exhibited significantly
reduced repulsion of underlyingDMcells (data not shown). These
results are consistent with past proposals that short-range repul-
sion by semaphorins not only defines the epithelial boundary, but
also dictate the patterns and size of epithelial buds during devel-
opment of other ectomesenchymal organs (Chung et al., 2007;
Korostylev et al., 2008; Horowitz and Simons, 2008). Taken
together, these results confirm that mesenchymal condensation
is critical for Pax9 induction, and that it is driven by the opposing
actions of Fgf8 andSema3f that act respectively as attractive and
repulsive cues formesenchymal cell migration in vitro and in vivo.
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Figure 4. Mechanical Control of Odonto-
genic Transcription Factors during Tooth
Development
(A) Phase contrast micrographs (left) showing
mesenchymal cells cultured for 16 hr on micro-
fabricated circular FN islands (500 mm diameter)
in vitro at low, medium, or high plating cell density
(0.2, 1.2, or 2.43 105 cells/cm2, respectively), and
graphs at right showing corresponding cell
densities and projected cell areasmeasured under
each condition.
(B) Graph showing Pax9 induction in mesen-
chymal cells cultured for 16 hr on the circular FN
islands (500 mm diameter) at low or high plating
density with or without Fgf8 (150 ng/ml) and/or
Sema3f (150 ng/ml).
(C) Graph showing induction of additional odon-
togenic factors (Egr1, Lhx6, Lhx8, Msx1, and
BMP4) in mesenchymal cells cultured under the
same conditions as in (B).
(D) Freshly isolated E10 mesenchyme from first
pharyngeal arch was physically compressed
(1 kPa) for 16 hr using a mechanical compressor
composed of two pieces of PDMS polymer that
are overlaid with a metal weight (see also Fig-
ure S4F).
(E) Macroscopic images of the mesenchyme that
was cultured ex vivo for 16 hr in the absence (E10
Mes) or presence of compression (E10 Mes+C).
(F) Graph showing expression of Pax9, Msx1, and
BMP4 mRNAs in control (E10 Mes) versus com-
pressed mesenchyme (E10 Mes+C) and expres-
sion of Pax9 in control versus mesenchyme
treated with soluble Fgf8 (150 ng/ml) for 16 hr.
Scale bars represent 50 mm for (A) and 500 mm for
(E); *p < 0.01.
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and RhoA Activity
Computerized morphometric analysis of histological sections of
whole-embryonic tooth germs and overlay cultures revealed that
cells at E12–E13 within the condensed mesenchyme are sig-
nificantly smaller (25% reduction in projected cell area and
volume) relative to cells in noncondensed regions of the mesen-
chyme, both in vivo and in vitro (Figures S4A and S4B). Changes
in cell shape modulate cell sensitivity to chemical cues and
thereby switch cells between different fates in vitro (Chen
et al., 1997; Dike et al., 1999; Singhvi et al., 1994); however,
alterations in cell-cell contact formation also can influence cell
differentiation (Okamura et al., 2003). To explore whether
changes in cell shape or cell-cell adhesion contribute to cell
fate switching in embryonic mesenchyme, we controlled these
parameters independently using microengineered adhesive
islands (Chen et al., 1997; Dike et al., 1999; Singhvi et al.,
1994) coated with the ECM protein, FN, which is present
throughout E13 tooth mesenchyme in vivo (data not shown).
Whenmesenchymal cells were cultured for 16 hr on large circular
FN islands (500 mm diameter) at a high plating density (2.43 105
cells/cm2) that produced cell compaction and resulted in reduc-Developmtions in cell size similar to those observed in regions of mesen-
chymal condensation induced by E11 DE in vitro (Figure 4A
and Figure S4B), mesenchymal Pax9 mRNA levels increased
by 3- to 4-fold (Figure 4B). In contrast, Pax9 was not induced
in cells cultured on the same FN islands at a lower plating density
(23 104 cells/cm2) that failed to constrain cell shape or promote
high levels of cell-cell adhesion (Figures 4A and 4B). Interest-
ingly, soluble Fgf8 and Sema3f had no effect on Pax9 expression
when cell compaction was suppressed by culturing cells at low
plating density, and there was no additive effect on Pax9 induc-
tion when these morphogens were added to cells cultured at
high densities that physically promoted high levels of cell round-
ing because these artificially condensed cell clumps induced
Pax9 expression even in the absence of these soluble morpho-
gens (Figure 4B). Importantly, other critical odontogenic
markers, including Lhx8, Msx1, and BMP4, were similarly upre-
gulated in a cell density-dependent manner (Figure 4C).
ECM components, such as FN, are deposited locally during
mesenchymal condensation, and cell-ECM interactions appear
to mediate condensation during chondrogenesis (Frenz et al.,
1989; Knudson and Toole, 1985; Kulyk et al., 1989). Therefore,
we analyzed changes in ECM production using our geneental Cell 21, 758–769, October 18, 2011 ª2011 Elsevier Inc. 763
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Mechanochemical Control of Organ Formationmicroarray data, and found that collagen VI is specifically upre-
gulated and deposited around individual cells within the con-
densed mesenchyme at E13 in vivo and in vitro (Figures S4C
and S4D). These results suggest that ECM remodeling might
serve to physically stabilize inductive cell shapes during tooth
development. However, variations in ECM density also can influ-
ence the shape and growth of cultured cells (Ingber, 1990), and
thus, changes in cell-ECM binding interactions could potentially
influence Pax9 induction in our system. To explore this possi-
bility, we plated mesenchymal cells on dishes coated with
poly-L-lysine (PLL) or collagen VI (low: 30 mg/cm2; medium:
500 mg/cm2; high: 1800 mg/cm2). These variations in ECM
density produced minimal changes in cell area or Pax9 induction
after 16 hr of culture (Figure S4E). Thus, cell compaction and
changes in cell size appear to be more critical for control of
Pax9 induction in mesenchymal cells than variations in cell-
ECM binding interactions.
To directly explore whether physical compaction of cells per
se is sufficient to induce differentiation of the mesenchyme, we
mechanically compressed freshly isolated whole E10 mandib-
ular mesenchyme (E10 Mes) between two blocks of polydime-
thylsiloxane (PDMS) polymer for 16 hr using constant pressure
(1 kPa) (Figure 4D). This level of pure mechanical compression
produced cell densities and sizes similar to those observed
during mesenchymal condensation at E13 in vivo (Figure 4E
and Figure S4F). These studies revealed that Pax9 and other crit-
ical odontogenic markers, including Msx1 and BMP4, were up-
regulated in the compressed DM tissue compared to unloaded
controls (Figure 4F), whereas Pax9 was not induced in freshly
isolated E10 mesenchyme when it was treated with soluble
Fgf8 for a similar time (Figure 4F, right). Interestingly, mechanical
compression of the DM ex vivo also upregulated expression of
collagen VI and increased its deposition around individual cells
(Figure S4G), as we previously observed in vitro and in vivo.
These results were also highly consistent with those obtained
using micropatterned ECM islands that induce a similar high
degree of compaction of cultured mesenchymal cells, and stim-
ulated Pax9 expression (Figures 4A–4C). But it was still not
possible to separate effects induced by mechanical compres-
sion-dependent changes in cell shape (i.e., cell rounding) from
those induced by increased cell-cell contact formation that
might result from greater surface contact area between neigh-
boring cells in this assay. To unequivocally identify the critical
inducer of cell fate switching that mediates compaction and
mechanical compression-dependent induction of odontogenic
cell fate switching, we cultured single mesenchymal cells for
16 hr on small, circular FN islands (20 mm diameter) created
with microcontact printing that are separated by nonadhesive
barrier regions, which physically prevent formation of cell-cell
contacts (Chen et al., 1997; Dike et al., 1999). These islands (Fig-
ure 5A) also restrict the spreading of individual adherent cells,
and hold them in a round shape and size (25% smaller in
volume than spread cells, as determined by confocal micro-
scopic analysis) similar to that exhibited by individual mesen-
chymal cells within condensed mesenchyme induced to form
by contact with E11 DE in vitro (Figure S4B). Importantly, single
rounded cells cultured on these islands free of any cell-cell
contacts increased Pax9 expression even in the absence of
soluble Fgf8 and Sema3f, when analyzed by ISH and qRT-PCR764 Developmental Cell 21, 758–769, October 18, 2011 ª2011 Elsev(Figure 5B). Thus, these data indicate that the soluble epithelial
morphogens, Fgf8 and Sema3f, induce Pax9-dependent tooth
differentiation through their physical effects on cell shape
that result from mesenchymal cell compaction during the migra-
tion-driven condensation response, rather than through a
mechanism that involves direct chemical signaling or cell-cell
adhesion-dependent signaling mechanisms.
This mechanical mechanism of developmental control is
supported by the finding that the Fgf receptor inhibitor,
SU5402, had little effect on cell compaction-dependent induc-
tion of Pax9, although it inhibited mesenchymal cell migration
toward Fgf8 (Figure 5C). Cell rounding-dependent induction of
Pax9 was also observed in Nrp2/ mesenchymal cells con-
strained from spreading on micropatterned adhesive islands
(Figure 5D), further demonstrating the physical nature of this
signaling response as it functions efficiently even in cells that
cannot respond to Sema3f. These responses, however, do not
perfectly mimic those observed in vivo; for example, mesen-
chymal Pax9 increases 3- to 4-fold relative to E10 when the cells
are physically distorted in vitro or ex vivo, whereas levels rise
about 8-fold at E13 in vivo. Thus, it is possible that other morpho-
gens or ECMmolecules that may be present in vivo could syner-
gize with physical cues during normal tooth development, or we
might not fully reproduce the physical, ECM, or soluble factor
environment necessary to perfectly mimic this complex develop-
mental process in vitro.
Cell shape distortion often influences cell behavior and devel-
opmental control by altering mechanical signaling pathways
associated with the cytoskeleton (Chen et al., 1997; McBeath
et al., 2004).We therefore tested the ability of variousmodulators
of mechanotransduction that can be involved in control of organ
and tissue development (Mammoto and Ingber, 2010) to deter-
mine whether any interfere with cell compaction-dependent
Pax9 induction in mesenchymal cells cultured at high density
on the large circular FN islands. We tested the following com-
pounds: myosin light-chain kinase inhibitors (Blebbistatin,
ML7); Rho/ROCK inhibitors (C3, Y27632); Rho activator (cyto-
toxic necrotizing factor 1: CNF1); N-cadherin neutralizing anti-
body; Rac1 inhibitor (NSC23766); Rac and Cdc42 activator
(CN02); PI3 kinase inhibitor (LY294002); MEK 1/2 inhibitor
(U0126); G protein-coupled receptor inhibitor (pertussis toxin);
Src inhibitor (PP1); PKC inhibitor (Ro31-8220); NO inhibitor
(L-name); and p38MAPK inhibitor (SB203580); however, only
RhoA activation inhibited this response (Figure S5A). Consistent
with this result, condensed mesenchymal cells exhibited de-
creased RhoA activity and loss of actin stress fibers (which
require RhoA-dependent increases in cytoskeletal tension
generation for their formation) compared with spread cells
cultured at a low density (Figure 5E and Figure S5B). To directly
test the possibility that RhoA mediates this mechanochemical
control induction mechanism, we used mesenchymal cells that
were transduced with a retroviral vector encoding constitutively
active RhoA; this increased stress fiber formation in spread cells
on unpatterned substrates but not in round cells on the small
circular FN islands (Figure 5F). Nevertheless, overexpression of
RhoA in round cells completely suppressed Pax9, Msx1, and
BMP 4 expression to low levels similar to those seen in spread
cells on unpatterned substrates (Figure 5G versus Figure 5B
and Figure S5C).ier Inc.
Con virus Rho CA virus
Rho CA virus
Unpatterned
Plating cell density
Low High *
A
0
0.5
1
Low High
Plating cell density
Unpatterned  
Rho CA virus
Pa
x9
 m
RN
A 
C
B
Pa
x9
 m
RN
A
Rho CA virus
Unpatterned
2
Pa
x9
 m
RN
A
Low High0
*
Nrp2 -/- Mes cells
High
0
2
Unpatterned
*
Unpatterned  
Pa
x9
 m
RN
A
Pa
x9
 m
RN
A
Unpatterned
100
Fgf80
*
Fgf8Con
50
+
M
ig
ra
tio
n 
(ce
lls
/fie
ld)
 
SU5402
2
0 Low High
+
Pa
x9
 m
RN
A
**
SU5402
D E
A
ct
iv
e 
Rh
o
F G
H
0
1
0.5
20 µm circle 20 µm circle 20 µm circle
20 µm circle 20 µm circle 20 µm circle
Figure 5. Odontogenic Induction Is Con-
trolled by Cell Shape Distortion and Medi-
ated by RhoA
(A) Phase contrast micrographs showing spread
cells cultured for 16 hr on an unpatterned FN
substrate (left) versus round mesenchymal cells
cultured on small (20 mm diameter) circular FN
islands (right).
(B) ISH views (left) and qRT-PCR (right) analysis
showing Pax9 induction in mesenchymal cells
cultured under the same conditions as in (A).
(C) Graphs showing Pax9 induction in cells
cultured for 16 hr at low or high density (0.2 or
2.4 3 105 cells/cm2, respectively) on the circular
FN island (500 mm diameter) in the absence or
presence of SU5402 (left), and migration of the
mesenchymal cells toward Fgf8 (150 ng/ml)
measured using a Transwell migration assay with
or without SU5402 (25 mM) (right).
(D) Graph showing Pax9 induction in Nrp2/
mesenchymal cells isolated at E10 from Nrp2/
embryos is preservedwhen the cells were cultured
under the same conditions as in (C).
(E) Fluorescence immunomicrographs showing
the actin cytoskeleton in mesenchymal cells cul-
tured under the same conditions as in (C). Graph
shows quantification of RhoA activity (ratio of
active RhoA to total RhoA protein) in these
mesenchymal cells (see also Figure S5B). Cells
were treated with virus-encoding constitutively
active RhoA (Rho CA virus) and analyzed as in (B).
Note that even though stress fibers do not form in
the compact round cells (F), the Pax9 induction
response was inhibited by constitutively active
RhoA (G).
(H) Fluorescencemicrographs (left) and ISH (right) views showingmesenchymal cell condensation (white arrow) and Pax9 induction (black arrow), respectively, in
cultured GFP-labeled mesenchymal cells transduced with control (Con) virus or Rho CA virus and overlaid with E11 DE for 2 days. Note that increased RhoA
activity suppressed Pax9 induction (see also Figure S5D). In all figures, dashed lines indicate the epithelial-mesenchymal interface; scale bars, 20 mm for (A), (B),
and (E)–(G), and 50 mm for (H); *p < 0.01.
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expressing constitutively active RhoA when they were overlaid
with E11 DE, even though mesenchymal condensation was still
observed (Figure 5H and Figure S5D). Furthermore, when we
compressed cell pellets made from DM cells expressing con-
stitutively active RhoA ex vivo, compression-dependent odonto-
genic induction was impaired compared with pellets made
from control cells (data not shown). Thus, suppression of RhoA
activity induced by cell rounding appears tomediate the process
by which mesenchymal cells sense mechanical changes in cell
shape and cytoskeletal organization produced by cell compac-
tion during the mesenchymal condensation response, and it
helps to transduce these physical signals into changes in
Pax9, Msx1, and BMP4 expression that alter cell fate and pro-
mote tooth differentiation. This finding is consistent with a past
study that showed that changes in cell shape and RhoA-depen-
dent alterations of cytoskeletal prestress (tension generation)
play a central role in control of cell fate switching in adult mesen-
chymal stem cells (McBeath et al., 2004).
DISCUSSION
In the embryo, odontogenic potential is believed to reside pri-
marily in the early DE, and then it is subsequently transferredDevelopmto the underlying DM that directs later stages of tooth develop-
ment (Mina and Kollar, 1987; Ohazama et al., 2004). Several
morphogens, such as Fgfs, BMPs, and TGF-b, have been shown
to be required for mesenchymal condensation during kidney and
limb formation (Hall and Miyake, 1995; Hentschel et al., 2004;
Urban et al., 2006), and cell-generated contractile forces and
differential cell adhesiveness have been proposed to mediate
mesenchymal compaction in combination with chemical cues
in some organ systems (Forga´cs and Newman, 2005; Oster
et al., 1983). Our results suggest that mesenchymal condensa-
tion during tooth development is indeed controlled by a mecha-
nism that is both chemical andmechanical, but it is not mediated
by any of these previously proposed mechanisms.
Past studies have revealed that combinations of spatiotem-
poral attractive and repulsive cues mediate pattern formation
of various organs (Yang et al., 2002; Tran et al., 2007; Klein,
2004). For example, mesenchymal cells undergo physical com-
paction, followed by the subsequent morphological changes
leading to rounded somites during somitogenesis. One model
proposed to explain this mechanism has suggested that long-
range attraction forces might cause the cells to squeeze them-
selves together within a compacted aggregate (Grima and
Schnell, 2007), whereas another model predicts that short-range
repulsion forces can help the cells define a certain radius andental Cell 21, 758–769, October 18, 2011 ª2011 Elsevier Inc. 765
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Figure 6. Mechanochemical Control of Tooth Organ Development
Fgf8 is produced by the DE and deposited in the BM by E11 of development (left). The stored Fgf8, which is released over time (left to right), acts as a long-range
morphogen to promote mesenchymal cell migration and to attract increased numbers of these cells toward the epithelial boundary. At the same time, the DE also
produces local high concentrations of the repulsive morphogen Sema3f, which acts locally to repulse the migrating cells, causing them to crowd at the epithelial-
mesenchymal interface (middle) and to form a well developed ‘‘condensed mesenchyme’’ by E13 (right). The resulting compaction and physical compression of
the mesenchymal cells (middle to right) are sufficient to induce expression of critical odontogenic genes, including Pax9, Msx1, and BMP4, which drive
subsequent tooth organ formation. This mechanotransduction response is mediated by the cytoskeletal signaling molecule RhoA, which is suppressed in
compressed cells within the condensed mesenchyme (not shown).
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Mechanochemical Control of Organ Formationdegree of compressibility (Newman and Grima, 2004). Consis-
tent with these general models, the present experimental results
indicate that early (E11) DE induces underlying mesenchymal
cells to form a condensed mass at the epithelial-mesenchymal
interface by producing Fgf8 and Sema3f that simultaneously
attract and repulse the mesenchymal cells, respectively. The
opposingmovements of these cells result in formation of a dense
cell mass composed of tightly packed mesenchymal cells, and
Pax9, Msx1, and BMP4 are mechanically induced through phys-
ical compression of the cells (Figure 6). Given that induction of
Msx1 and BMP4 is critical for shifting the odontogenic inductive
capability from the early DE to the DM at later stages of develop-
ment (Bei et al., 2000; Mina and Kollar, 1987), these findings also
suggest that the mechanical compaction of cells that occurs
during mesenchymal condensation may serve as an early initi-
ator of this transition process at earlier times (i.e., before E13).
Pattern formation during formation of elaborate neuronal and
vascular networks (Carmeliet and Tessier-Lavigne, 2005) is
tightly controlled by a balance between attractive and repulsive
cues from the extracellular environment. However, an antago-
nistic balance between motility factors of this type has not
previously been shown to mediate cell fate switching during
epithelial-mesenchymal interactions that mediate early organ
formation. Importantly, the compaction of mesenchymal cells
produced by these opposing cell migratory movements appears
to be the crucial developmental trigger because mechanical
compression of the mesenchyme is sufficient to induce instruc-
tive signals for odontogenesis, and stimulation with Fgf8 and
Sema3f morphogens alone fails to induce this odontogenic
response in the absence of cell compaction. In addition, we
found that RhoA, which is important for many shape-dependent
control mechanisms in vitro, is critical for induction of odonto-
genic differentiation in this organ rudiment model.766 Developmental Cell 21, 758–769, October 18, 2011 ª2011 ElsevAlthough the concept that body patterns are shaped by
soluble morphogen gradients is well documented and accepted,
it is unclear how these gradients spatially limit expression of
target differentiation genes and produce distinct cell fates within
precise tissue boundaries during organogenesis. The present
findings suggest that these boundaries are defined by the action
of different soluble chemical factors that interact to alter
mechanical forces and induce physical changes in cell shape
at distinct spatial locations during mesenchymal condensation
in the developing tooth. Once the DMcells physically condensed
or rounded, Fgf8 and Sema3f had no influence on subsequent
cell fate switching, and thus, these morphogens appeared to
manifest their pattern-generating activities entirely through this
mechanochemical transduction mechanism.
Interestingly, Fgfs or semaphorins are also involved in mesen-
chymal condensation during chondrogenesis (Newman and
Bhat, 2007), nephrogenesis (Gammill et al., 2007), and neuro-
genesis (Urban et al., 2006), and mechanical compression also
contributes formation of both cartilage and bone (Angele et al.,
2004; Roelofsen et al., 1995). The transcription factors and
chemical cues examined in the present study (e.g., Pax9,
Msx1, and BMP4) are also widely expressed and critical for
morphogenesis in many other organs during embryogenesis.
Thus, this type of orchestrated interplay between chemical and
physical cues could be utilized for control of other organogenetic
processes that involve a similar mesenchymal condensation
step. Finally, given that early DE can induce differentiated tooth
formation when recombined with nondental adult bone marrow-
derived stem cells (Ohazama et al., 2004), these insights into the
molecular biophysical mechanisms that underlie tooth induction
also might facilitate future development of biomimetic materials
for whole-organ engineering that mimic the inductive properties
of embryonic tissues.ier Inc.
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Animal Experiments
All animal studies were reviewed and approved by the Animal Care and Use
Committee of Children’s Hospital Boston. Histological assays were performed
as described previously (Mammoto et al., 2009), and morphometric analysis
wasperformedusing ImageJ software (http://rsbweb.nih.gov/ij/; National Insti-
tutesofHealth).MouseWG-6v11 Illuminamicrobeadchipswere usedwith total
RNA extracted from the isolated epithelium and mesenchyme for transcrip-
tional profiling. For cell growth analysis, timed-pregnant mice were injected
intraperitoneally with BrdU solution (Invitrogen) at 100 mg/kg body weight
and sacrificed 2 hr after the injection. Embryos were then harvested and pro-
cessed for cryosections (7 mm), and proliferating cells were detected using a
BrdU staining kit (Invitrogen). For transplacental gene delivery to living embryos
in utero (Gratsch et al., 2003; O’shea et al., 2006), a complex of siRNA (10 mg)
andExGen transfection reagent (Fermentas)was prepared according tomanu-
facturer’s instruction, and the mixture was injected intravenously through the
retro-orbital vein into timed-pregnant dams (E9) under isoflurane anesthesia.
siRNA sequences are shown in Table S1. RNA was purified from the first
pharyngeal arch of E11 embryos, and gene knockdown was confirmed using
qRT-PCR.Nrp2/micewere a gift fromS. Takashima (Takashima et al., 2002).
Cell Culture
Using sterile technique, the first pharyngeal arch was dissected from E10
embryos and treated with Dispase II (2.4 U/ml; Roche) and DNase I (QIAGEN)
at 37C for 23 min. After the epithelium and mesenchyme were separated
using fine forceps, the presumptive DM was dissected out and physically
triturated several times using fire-polished Pasteur pipette before being
cultured on FN (Becton Dickinson)-coated glass bottom dishes (MatTek
Corporation) in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FCS. We confirmed the purity of the isolated DE for cell culture
and DM overlay studies using GFP-labeled DE cells isolated from keratin
(K)-14/GFP transgenic mice from The Jackson Laboratory. The DM cells
were passaged by using FN-coated microcarrier beads for the first several
passages (Thermo Scientific). DM functional capacity, as measured by its
ability to undergo cell compaction-dependent odontogenic (Pax9/Msx1/
BMP4) induction, is preserved in cultured DM cell for at least 7 cell passages,
and all studies utilized cells at passage 4.
In Vitro Mesenchymal Induction Assay
Mesenchymal cells were GFP labeled with retroviral transduction (Mammoto
et al., 2009) and plated on FN-coated glass bottom dishes at the density of
1.5 3 105 cells/cm2. After culturing the mesenchymal cells for 16 hr at a point
when they reached 90% confluence, freshly isolated DE was overlaid on top
of the monolayer. In some experiments, isolated DE was labeled with Cell-
Tracker Red CMTPX (Invitrogen) according to the manufacturer’s instructions
before the overlay. Preparations were maintained using a LiveCell Stage Top
Incubation System (Pathology Devices, Inc.), and images were acquired every
15 min using IPLab software.
Cellular and Molecular Biological Methods
qRT-PCR was performed with the QuantiTect SYBR Green RT-PCR kit
(QIAGEN) using ABI7300 real-time PCR system (Applied Biosystems); the
primers used are shown in Table S2. Methods for construction of constitutively
active RhoA and generation of viral vectors were previously described (Mam-
moto et al., 2007). HEK293 cells were transiently transfected with Fgf8 and/or
Sema3F cDNA using SuperFect (QIAGEN) and labeled with CellTracker Red
CMTPX according to the manufacturer’s instructions. A small pellet was
made from 1 3 103 HEK293 cells in PDMS molds for overlay experiments.
RhoA activity assay was performed using Rho activation assay kit (Cytoskele-
ton). For cell migration assay, Transwell membranes (Coster) were coated
with 0.5% gelatin, and cells were seeded (105 cells per 100 ml) with DMEM
supplemented with 0.2% FCS. Cells were stained with Giemsa solution
16 hr later, and counted in ten random fields (at 2003 magnification).
Fabrication of Microfluidic Devices
For analysis of the effects of Fgf8 and/or Sema3F gradients on cell packing,
a microfluidic device was fabricated from PDMS (Wang et al., 2004) andDevelopmbonded to a glass coverslip on which FN was coated, and cells were plated
by introduction through the microfluidic channel. After 16 hr incubation, cells
were exposed to gradients of Fgf8 and/or Sema3f for 40 hr by infusing Fgf8
and/or Sema3f (1 mg/ml in DMEM with 0.5% FCS) and control medium into
two inlets of a gradient generator chamber at a flow rate of 1 ml/min. The over-
lapping gradient of Fgf8 and Sema3f was generated by adding an additional
inlet channel to the left side of the last branching point of the original microflui-
dic gradient generator (Figure 2C, top) (Dertinger et al., 2001). These devices
use laminar flow streams to maintain a constant gradient over time.
Fabrication of Micropatterned Substrates
Our microcontact printing method for producing glass substrates containing
micrometer-sized ECM islands has been described previously (Chen et al.,
1997; Dike et al., 1999; Singhvi et al., 1994). In brief, PDMS stamps were
cast, cured, and removed from master templates, which were created using
photolithographic methods. Stamps were coated with FN (50 mg/ml) for 1 hr,
driedwith compressed nitrogen. Flat and thin PDMS substrateswere prepared
on the cover glass and UV oxidized for 5 min (Ellsworth Adhesives), stamped
with FN, blocked with Pluronic F108 (Sigma) for 2 hr, and rinsed three times
with PBS before plating the cells. Cells on the micropatterned substrates
were lysed and harvested using a cell scraper, and odontogenic induction
was analyzed by qRT-PCR.
Mechanical Compression of Mesenchymal Tissues
We fabricated a mechanical compressor (base and piston) using flexible, gas-
permeable PDMS elastomer. One PDMSmembrane was sealed to the bottom
of the base, and the entire compressor rested on a fine wire mesh for support
(Figure 4D). Freshly dissected DM from E10 embryos was placed in the
chamber of the device, and a metal weight (30 g) was then placed on the
PDMS piston to generate a constant pressure (1 kPa) on the tissue for 16–
48 hr of culture.
Statistical Analysis
Statistical significance was evaluated using an unpaired Student’s t test after
ANOVA analysis (all data are presented as mean ± SEM).
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, two tables, Supplemental
Experimental Procedures, and two movies and can be found with this article
online at doi:10.1016/j.devcel.2011.07.006.
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